A systematic investigation of the fretting fatigue behavior of the titanium alloy Ti-6Al-4V in both the mill-annealed (MA) and the solution-treated and overaged (STOA) conditions was carried out. A sphere-on-flat fretting fatigue device was used that facilitated real-time control and monitoring of all the relevant parameters such as the contact geometry, contact (normal and tangential) loads, and bulk alternating stress. While different sets of experiments were conducted to examine the influence of the bulk stress, the tangential load, and the normal load, respectively, on fretting fatigue response, the effect of microstructure on fretting fatigue was explored with experiments on the acicular, Widmanstätten, and martensitic microstructures as well. In experiments where the contact loads were maintained constant and the bulk stress was varied, fretting reduced the fatigue strength of Ti-6Al-4V. For this case, the "strength reduction factor" was higher for the experiments with higher tangential loads. For cases where the bulk stress and the normal or the tangential loads were maintained constant, lower fretting fatigue lives were obtained at larger tangential loads and at smaller normal loads. Of all the microstructures studied, preliminary results on the martensitic structure suggest an enhanced fretting fatigue resistance, compared to the basic STOA or the MA microstructure. Using the measured maximum static friction coefficient for Ti-6Al-4V, the experimentally observed contact and stickzone radii were found to exhibit good agreement with analytical predictions. Furthermore, conditions for crack initiation were determined through the application of the recently developed adhesion model for fretting fatigue. The model predictions of weak adhesion and crack initiation were validated with experimental observations of stick-slip behavior and fretting fatigue failures, respectively.
I. INTRODUCTION
multiaxial criteria such as those due to Crossland, Findley, Sines, Smith-Watson-Topper, McDiarmid, Papadopoulos, FRETTING fatigue refers to the contact between two etc. (as reviewed in Reference 5) by considering a combinasurfaces, where small, oscillatory sliding displacements, tyption of stresses at a particular/critical location in the contact ically in the range of 2 to 50 mm, occur between the surfaces, zone. One of the appealing features of such a "stress at a while one or both of the contacting surfaces could be subpoint" approach is its relative simplicity. However, because jected to fluctuating stresses. In the presence of aggressive it does not incorporate a length scale in the analysis, this environments, considerable oxidation leading to wear and approach has its limitations and it does not capture essential material removal can occur at the fretted surface. In addition features of fretting fatigue damage such as prediction of to surface damage, repeated fretting of surfaces can cause crack initiation, location of crack initiation, or crack propaa drastic reduction (by a factor of 2 or more) in the fatigue gation direction, in all fretting situations. For example, in endurance limit and orders of magnitude decrease in fatigue the cases of various fretting contact geometries, [3] cracks life from that seen under pure axial cyclic loading alone. [1 -4] have been observed to initiate in the slip zone or the stickConsequently, fretting fatigue has been recognized as a comslip boundary, while the stress-based approaches always preplex multistage, multiaxial, fatigue-fracture phenomenon dict the fretting cracks to initiate at the edge of the contact. involving fatigue crack initiation, early (small) crack propaBy incorporatingan appropriate lengthscale in the analysis gation, and sometimes either crack arrest or continued for fretting crack initiation and propagation, the fracture growth, ultimately leading to catastrophic failure. mechanics approach addresses a principal limitation of the From a theoretical/analytical perspective, approaches to stress-based approaches. However, most of the fracture predict fretting fatigue cracking can broadly be classified as mechanics approaches do not provide a framework for one of two types: stress based or fracture mechanics based.
identifying/deriving this lengthscale unambiguously and The stress-based approach typically involves formulation of hence the initial crack length has to be assumed a priori.
Recently, a new model for fretting fatigue crack initiation has been developed [6] wherein the effects of interfacial adhe-T.A. VENKATESH, Postdoctoral Associate, B.P. CONNER, Gradsion between the contacting bodies were incorporated in the uate Student, and S. SURESH, R.P. Simmons Professor, and A.E.
analysis of the mechanics of contact fatigue. By recognizing GIANNAKOPOULOS, Research Scientist, are with the Department of that adhesion induces square-root singular stress fields in of material, mechanical, and environmental variables; these 12 h at 700 8C followed by air cooling include the microstructure, geometry, stresses, temperature, Acicular 0.5 h at 1050 8C followed by air cooling frequency, surface modification, residual stresses, surface Widmanstätten 0.5 h at 1050 8C followed by furnace roughness, etc. [1] [2] [3] [4] Given the complexity of the phenomecooling to 700 8C (1 h) and air non, there exists a critical need for developing methods to cooled to room temperature characterize the fretting behavior of materials in a manner that allows for easy control of all the major variables that influence fretting. Hence, a novel fretting fatigue device that II. EXPERIMENTS allowed for the real-time control and monitoring of all the A. Material System pertinent variables in a fretting fatigue experiment was developed [7] and validated with experiments on 7075 T6 Two variants of Ti-6Al-4V, with nominal compositions aluminum alloy. [8] of 6.08 pct Al, 4.01 pct V, 0.19 pct Fe, 0.18 pct O, 0.02 pct Several aspects of the fretting fatigue behavior of the C, 0.01 pct N, 0.0004 pct H, ,0.001 pct Y and the balance titanium alloy Ti-6Al-4V have been investigated, mostly Ti, and 6.30 pct Al, 4.17 pct V, 0.19 pct Fe, 0.19 pct O, using a flat-on-flat or a cylinder-on-flat geometry (e.g., Ref-0.13 pct N, and the balance Ti (by weight), respectively, in erences 9 and 10) and to a lesser extent on the sphere-onthe mill-annealed (MA) and solution-treated and overaged flat geometry. [11, 12] (STOA) conditions, were selected for the fretting fatigue The objectives of the current work are as follows. Through study. Through appropriate heat treatment schedules (Table a systematic experimental study of the sphere-on-flat fretting I), the basic STOA microstructure was modified further fatigue of the titanium alloy Ti-6Al-4V, we to obtain coarse-grained STOA, martensitic, acicular, and lamellar/Widmanstätten microstructures (Figures 1 (1) characterize the fretting fatigue response of Ti-6Al-4V through 3). Optical metallography samples, prepared by polishing and its dependence on the various mechanical and geowith SiC paper, 3 mm diamond solution, 0.3 mm alumina metrical factors such as the contact (normal and tangensolution, and 0.05 mm Mastermet solution and subsequently tial) loads, bulk loads, and fretting pad geometry;
etched with a reagent consisting of 5 pct HF, 10 pct HNO 2 , (2) investigate the role of microstructure in the fretting and 85 pct distilledwater, revealed the microstructural details fatigue response of Ti-6Al-4V through experiments on of the different materials, as described subsequently. Ti-6Al-4V subjected to different heat treatment sched-
The MA material exhibited a duplex microstructure, with ules; elongated primary alpha grains (10 mm in width by 50 to (3) quantify damage such as the fretting scar size, crack 80 mm in length) along the longitudinal direction and an initiation locations, crack propagation angles, and their equiaxed structure, with an average primary alpha grain size dependence on the experimental conditions; about 5 to 10 mm, in the transverse cross section. The basic (4) identify the different regions of fretting fatigue crack STOA material displayed a duplex/bimodal microstructure growth from initiation through specimen failure and the with primary alpha grains (10 to 20 mm) surrounded by a fraction of life spent in each of those regions; and lamellar matrix with a minor elongation of grains in the (5) assess the results within the context of the new fretting longitudinal direction, while the coarse STOA material had fatigue adhesion model. a primary alpha grain size between 20 and 25 mm. The martensitic material was characterized by a needlelike microThis article is arranged in the following sequence. Section structure. The acicular microstructure consisted of colonies II presents details of the materials and microstructures used, of coarse lamellar grains with an average colony diameter experimental methods employed, and conditions investiof approximately 300 mm. The Widmanstätten microstrucgated in this study. Section III presents fretting fatigue results ture had lamellae with a width of about 15 to 20 mm. from experiments where each of the following variables, Fretting fatigue test samples had rectangular gage cross normal contact load, tangential load, bulk load, and material sections ( Figure 4 ) for all six microstructures. The fretting microstructure, was varied systematically. In Section IV, the pads with spherical contact surfaces ( Figure 4 ) were observed microstructural details such as the fretting scars, machined from the MA material for the fretting tests on the crack initiation locations, and crack propagation angles are MA material, while they were machined from the basic discussed by recourse to classical analysis of the fretting STOA material for all other fretting tests. The test samples contact as well as through the adhesion model of fretting and the fretting pads were polished with 0.3 mm alumina fatigue. Principal conclusions from this study are presented solution. The pertinent mechanical properties of the test samples and pads are listed in Table II . in Section V. 
B. Fretting Fatigue Experiments
and bulk loads constant for each test. As discussed in Appendix A, this device also allows for the measurement of the A fretting fatigue test apparatus ( Figure 5 ) was designed average friction coefficient. for independentcontrol and accurate, real-time monitoring of
The experimental conditions investigated in this work are all the pertinent experimental variables such as the specimen summarized in Table III . All tests were conducted in air bulk load, P, the normal, N, and tangential, Q, loads, at the with 60 to 70 pct relative humidity at 25 8C. The axial load specimen/fretting pad interface, and the relative displacevaried from fully tensile to fully compressive (load ratio, ment between the contacting surfaces, d, as described in R8 5 21), and the maximum bulk stress never exceeded more detail in Reference 7.
the endurance limit for this material. The test frequency was Briefly, the specimen is subjected to a variable axial load 10 Hz. Each side of the specimen was longer than 6a, where a was the contact radius. Such a constraint on dimensions through the actuator of a servohydraulic testing machine, was necessary to prevent edge effects from interfering with and the normal load is transmitted to the specimen through the test. spring-loaded spherical pads. The supports of the spherical As the fretting fatigue device allowed for the fretting of pads are mounted on a compliant system and attached to two opposite sides of the specimens under identical loading the structure of the testing machine. Upon the application conditions ( Figure 5 ), each fretting test effectively constiof the bulk/axial load, P, the resulting strain in the test tuted two tests performed under identical conditions. As specimen translates, due to friction at the contact, to a tangenexpected, major fretting fatigue cracks initiated on either of tial load, Q 5 2(C p /C q )P, where C p and C q , respectively, the two contacts. are the compliances of the load train and the pad-support system. Experimentally, this tangential load is determined as a sum of the load values measured by the two load cells mounted below the linear bearings. The coupling of Q and III. RESULTS P through friction results in the same load ratio, R8 , between Q and the bulk stress s b .
The following sections present results of the fretting With its many points of adjustment for alignment and fatigue experiments, where the influence of the various faccompliance, the fretting fatigue device allows for the system tors such as the bulk, normal, and tangential loads, fretting compliance to be changed such that the tangential load, or pad geometry, and the material microstructure on fretting the relative displacement between the specimen and the pads, damage (i.e., fretting scars and cracks) and total fretting fatigue life was examined systematically. can be varied systematically while maintaining the normal 
A. Fretting Scars and Cracks
In all the experiments, the fretted area of the samples stick zone surrounded by an annulus of slip zone, with a slight eccentricity ( Figure 6 ). A significant amount of oxide displayed scars that were typically characterized by a central Fig. 5 -Fretting fatigue test apparatus. [7] LC 5 load cell.
of the contact or in the slip zone close to the trailing edge of the contact ( Figure 7 , Table III ). (For the definition of the trailing edge of the contact, see Appendix B). In some cases, multiple crack initiation sites were also noted. Upon initiation at the specimen contact surface, the fretting fatigue cracks propagated along the specimen surface in a direction perpendicular to the direction of the bulk load as well as into the interior of the specimen. The crack propagation angle was determined optically by inspecting the fractured surface (details of which are presented in Appendix C). Table III) sions in millimeters, not to scale).
B. Effect of the Bulk Stress
were performed on the MA material, where for each set, the normal load, the tangential load, and the fretting pad radius were maintained constant while the sample bulk load was debris was also produced by the fretting action at the trailing varied ( Figure 8 ). In general, the life of the fretted samples edge of the contact,* as seen in Figure 6 . In each case the increased as the bulk stress decreased with an endurance *It is believed that gravity in combination with the higher contact stresses limit being reached at lower bulk stresses. In all cases, fret- those with the lower tangential load, Q 5 15 N. Among all the experiments with a tangential load of 30 scar on the fretting pad was a mirror image of that on the sample surface. Indirect evidence for adhesion between N, those experiments with the larger pad radius of 25.4 mm typically exhibited longer lives and a higher fatigue strength. contacting surfaces could be discerned from the fact that some brightly reflecting regions, possibly created by the A similar trend was also observed for the experiments with a tangential load of 15 N, where the fatigue for those experirupture of microwelds, were also observed in several fretting scars.
ments with the larger pad radius was marginally higher than for the experiments with the lower pad radius. Because the sliding of the samples upon failure typically damaged the scars, the fretting scars were studied in detail in those experiments where sample failure did not occur.
C. Effect of the Tangential Load The contact zone radius, a, stick-zone radius, c, and the eccentricity, e, observed in the experiments where samples Two sets of experiments were performed on the MA (tests 22 through 28, Table III ) and STOA material (tests 37 did not fail are presented in Table IV .
Fretting cracks typically initiated near the trailing edge through 46, Table III) , where for each set, the normal load, 
List of Experimental Conditions and Results of All the Fretting Fatigue Experiments on Ti-6Al-4V
Experimental Input Parameters 
Experimental Input Parameters illustrating variation of total life with changes in the bulk stress applied to the specimen, for a variety of contact geometry and loading conditions. Fig. 10 -Fretting fatigue results from experiments on the MA Ti-6Al-4V Uniaxial fatique results from ref. [13] and [14] .
illustrating variation of total life with changes in the normal loads applied to the fretting contact, for a variety of contact geometry (s b 5 300 MPa, and m 5 0.95).
the bulk stress, and the fretting pad radius were maintained constant while the tangential load was varied by changing the compliance of the system (Figure 9 ). In general, the total E. Effect of the Microstructure life to failure of the fretted materials was reduced as the tangential load increased, the reduction in life being larger One set of experiments was conducted on the materials with different microstructures: martensitic (tests 47 through for the experiments with the lower pad radius of 12.7 mm. 52, With the exception of the martensitic structure, where preliminary results suggested an enhanced fretting fatigue resisload, the bulk stress, and the fretting pad radius were maintained constant while the normal load was varied tance (Figure 11 ), the other microstructures did not exhibit a significant improvement in fretting fatigue resistance, com- (Figure 10 ). The total life to failure of the fretted materials increased as the normal load increased, the increase in life pared to the basic STOA or the MA microstructure. The martensitic material also exhibited higher Vicker's hardness being larger for the experiments with the larger pad radius of 25.4 mm.
as compared to other microstructures (Figure 12 ). contact interface, is generated through the application of an oscillatory bulk stress, 2s b # s # s b , to the substrate, the radius of the stick zone remains unchanged at c. But the center of the stick zone is displaced from the center of the contact area by e, defined as the eccentricity of the contact, given approximately as [8] e '
(1 2 n) (4 2 3n)
2s b D mE [3] where p max 5 3N 2pa 2 .
As seen in Eq. [2] and [3] , the theoretical predictions for the stick-zone radius, c, and the eccentricity, e, depend on the friction coefficient. Using the measured maximum static (or breakaway) friction coefficient of 0.95 for Ti-6Al-4V (Appendix A), there is good agreement between the theoreti- values for the stick-zone radius (Table IV) . From Figure  13 , it is evident that compared to using the sliding friction coefficient of 0.7, the use of the maximum static friction IV. DISCUSSION coefficient of 0.95 results in a better match between the experimental observations and predictions from Eqs. [1] and A. Fretting Scars and Friction [2] for the contact and stick-zone radii, respectively.
A sphere of diameter, D, elastic modulus, E, and Poisson
The observed eccentricities compare reasonably well with ratio, n, contacting the planar surface of a large substrate of those predicted by Eq. [3] for experiments with a fretting similar material, under an elastic load, N, results in a contact pad radius of 12.7 mm. However, for those experiments with radius, a, given as [15] a fretting pad radius of 25.4 mm, the observed values are a factor of 2 less than the predicted ones. This observation is
consistent with the general expectation that for combinations of conditions where the expected eccentrities are low, i.e., low bulk stress and/or pad diameter, or high friction coeffiFrom Table IV , it is evident that the observed contact radii cient and/or modulus, Eq.
[3] provides good estimates for correlate well with theoretical predictions of Eq. [1] .
eccentricities. Upon the application of an oscillatory tangential load, 2Q max # Q # Q max , to the contact via the fretting pad, under stick-slip conditions (i.e., (Q/N ) , m, where m is the B. Fretting Fatigue Crack Initiation and Propagation coefficient of friction), the radius of the stick zone, c, is
In general, the fretting fatigue phenomenon can be envigiven as [16] sioned as encompassing four regions (Figure 14 ): [2] (I) crack initiation, (II) crack propagation under the combined influence of contact and bulk loads, For the case where the oscillatory tangential load, at the (a) (a) (b) Fig. 15 -Schematics illustrating (a) adhesive contacts and (b) the corresponding stress field exhibiting tensile square-root singularity. [6] applied contact loads, contrary to experimental observations. Hence, we invoke a fracture mechanics based approach, which provides a framework to deal with such stress singularities.
By noting that the adhesion induces square-root singular (b) stress fields in the asymptotic limit, an analogy can be made uncracked ligament equal to the contact zone ( Figure 15 ). The procedure for deriving the corresponding cyclic stress intensity factors as a function of the work of adhesion, (III) crack propagation under the influence of the bulk load loading, conditions, and geometry, for the case of the contact only, and fatigue scenario, has been described in detail in Reference (IV) catastrophic component failure.
6 and is summarized in brief below. Under adhesive conditions, when two surfaces with sur-I. Crack initiation face energies g 1 and g 2 adhere to form a new interface of Traditionally,several criteria such as Crossland, max shear lower energy, g 12 , the corresponding work of adhesion is stress, Findley, Sines, Smith-Watson-Topper, McDiarmid, defined as w8 5 (g 1 1 g 2 2 g 12 ) $ 0. For two contacting and Papadopoulos (as reviewed in Reference 5), which are solids with the same elastic properties, which are presently based on different combinations of stresses at a critical locaconsidered, w8 5 2g 1 . For metals, w8 ' 1 N/m. [17] tion in the contact zone, have been invoked to predict crack For a sphere of diameter, D, elastic modulus, E, and initiation. These methods are typically applied to loading Poisson ratio, n, contacting the planar surface of a large scenarios where the stresses in the contact zone are finite.
substrate of similar material, under an applied normal load It has been recently demonstrated [6] that under conditions N max , the short-range forces of attraction that promote adhewhere the contacting surfaces adhere to each other, tensile sion effectively increase the contact load across the interface stress singularities could develop, either at the edge of the and thus increase the contact radius, a max (Figure 15 ), contact or at the stick-slip boundary, depending on the given as strength of adhesion. Hence, the direct application of any stress-based criterion to adhesive contact scenarios (where infinite stresses are predicted) would lead to the prediction
that cracks initiate regardless of the magnitudes of the
and the maximum tangential load, Q max , that can sustain adhesion at maximum contact radius is
where G 1/2 [6] evaluated using the adhesion model, where the mode II threshold stressintensity factor for an R8 ratio of 21 was estimated to be '2 MPa! m and
If the amplitude of the applied tangential load Q max # Q max , the work of adhesion for advancing and receding contacts (w, G d ) to be strong adhesion (stick) is obtained. The stress-intensity factor, K I , that corresponds to the mode I (steady) crack field is given by [6] K I 5 N * max 2 N max 2a max! pa max [7] respectively, if the corresponding DK II $ DK th , where DK th is the threshold stress intensity range that corresponds to where the apparent load, N * max , required to maintain the same R8 5 21, and under mixed constant mode I and oscillatory contact radius, a max , without adhesion is given by Hertmode II fatigue. This situation holds both for strong adhesion zian analysis:
and under pure oscillatory mode II fatigue for weak adhesion. The fretting fatigue experiments on Ti-6Al-4V can be N * max 5 4Ea
analyzed within the context of the adhesion model, using the material parameters (Table II) , threshold DK II ' 2 The stress-intensity factor that corresponds to mode II (oscilMPa! m (estimated from [19] ), and the experimentally deterlatory) crack fields at the leading and the trailing contact mined friction coefficient, m 5 0.95. Using reasonable valedges is given by ues for the work of adhesion for advancing and receding contacts, w8 5 1 N/m and G d 5 15 .8 N/m (Eq. [6] ), the adhesion model predicts weak adhesion, in agreement with DK II 5 Q max a max! pa max [9] experiments where in all cases stick-slip behavior was observed ( Figure 16 ). with the local effective load ratio R8 5 21.
However, while the model predicts cracks to initiate at If the amplitude of the applied tangential load Q max $ the stick-slip boundary, in many cases, the cracks were found Q max , then weak adhesion (stick slip) is obtained resulting to have initiated in the slip zone and sometimes closer to in a partial slip annulus, c # r # a max .
the edge of the contact. This might indicate that conditions From global equilibrium, of strong adhesion may have existed prior to the development of the partial slip during which time the cracks could have
at the edge of the contact.
II. Crack propagation under the combined influence [10]
contact and bulk loads Upon initiation, the continued propagation of the crack The tangential load that is balanced in the stick zone of tip depends on the local mode I and mode II stress intensity radius c is factors, k 1 and k 2 , respectively ( Figure 14) . Following Cottrell and Rice, [20] it is postulated that the crack advances Q [11] in a direction along which the local mode II stress intensity factor k 2 vanishes. The initial angle of crack propagation, In this case, K I 5 0, as the model predicts a closed crack tip. [6] a, is then obtained from The mode II stress intensity factor at the leading and trailing edge of the stick-slip interface is given by
While the model predicts an initial crack angle of 70.5 with the local load ratio R8 5 21.
A fatigue crack is expected to initiate at the contact perimdeg, the observed crack initiation angles (computed as 14(b) and Ca), had a mean of 68 deg with a standard deviainto the substrate in mode I. Otherwise, the crack is expected to arrest completely. tion of 8 deg (Table III) .
As the small surface crack grows further into the substrate, From an inspection of results from tests 13, 15, and 16 as well as 17, 19, and 21 (Table III) , it is apparent that the effects of the contact loads, N, and DQ, in providing a sufficiently large Dk 1 to advance the crack tip, rapidly diminwith an increase in the bulk stress (while the contact loads and fretting pad radius were maintained constant), the ish, leading to a competition between the applied uniform cyclic bulk stress, Ds b and the contact loads. After some critical slant crack length, l c , decreases, as expected (Figure 17(a) ). An exception to the general trend is noted in initial growth over a distance l c into the substrate, the crack is expected to reorient itself normal to the applied tensile tests 1 and 5, where l c is found to be higher in test 1 compared to test 5. cyclic stress Ds b . If at the critical distance l c , the tensile opening stress intensity factor due to the applied loads is From tests 29 through 34 (Table III) , it is evident that at higher normal loads (.50 N), an increase in the normal larger than the effective mode I threshold stress intensity factor range, DK th , the crack would reorient itself normal loads (while the bulk stress and the tangential loads are maintained constant) results in a decrease in the critical slant to the uniform applied stress and would continue to advance [15] with the expectation that an increase in the normal loads would tend to decrease the mode I stress intensity factor at the tip of the slant crack, Dk I , thus reducing l c . In the limiting 2 , case, where the normal loads tend to zero, the contact fields are expected to be very weak and fatigue cracking is expected to be dominated by the bulk stress. Consequently, the slant
crack lengths are expected to be small, thus explaining the smaller slant crack lengths observed at lower normal loads (,50 N).
It is expected that an increase in the tangential loads would tend to promote slant crack growth in region II and thus increase l c . This general trend in observed in tests 37 through
The rate of crack propagation, in region III, is taken as 44 (Table III) Ti-6Al-4V, C and m were determined from low load ratio indicates that the crack shape at the end of region II could experiments (accounting for crack closure), respectively, as be approximated as being semielliptical (Figure 18 ). The 7.5 3 10 213 and 4.1 (where db/dN III and DK I were in the subsequent propagation of the crack in region III, under the units of m/cycle and MPa! m, respectively).
[22]
influence of the bulk loads, Ds b , in a plane perpendicular The mode I stress intensity factor range, DK I , is given as to the applied bulk load, can be modeled as being driven DK I 5 (1 2 R8 )K max , where K max is the stress intensity factor by the crack-tip stress intensity factor: [21] that corresponds to monotonic loading. For fully reversed fatigue loading with R8 5 21, DK I 5 2K I . The life of the
, u 2 [14] specimen in region III can be obtained through the integration of the Paris law (Eq. [16] ) between the limits (b 0 , d 0 ) and (b f , d f ), where d f 5 (w/2). Assuming the specimen fractures where catastrophically in the final cycle, the total life spent by the specimen in the several regions is presented in Table III .
, As illustrated in Figure 19 , for experiments where the bulk stress and the normal contact loads were maintained constant, the life spent in regions I and II scales with the tangential load, while the life spent in region III remains
almost constant, as expected. From an inspection of results from tests 1 and 5, 13, 15, and 16 as well as 17, 19, and 21 maximum contact pressure and leads to the prediction that the total fretting fatigue life should decrease. How- (Table III) , it is apparent that with an increase in the bulk stress (while the contact loads and fretting pad radius were ever, the experiments indicate that the total fretting fatigue life actually increases with an increase in R. This maintained constant), the fraction of fretting fatigue life spent by the specimen in the third region, N III , decreases, increase in total life may be attributed to an increase in the life spent in region I (i.e., the crack initiation stage) as expected.
that is not accounted for in this analysis. IV. Catastrophic component failure (5) The preliminary study of the effect of microstructure on While the mode I fracture toughness, K IC , of Ti-6Al-4V fretting fatigue in Ti-6Al-4V indicated that the martenscan range between 33 and 110 MPa! m depending on the itic microstructure might have enhanced fretting resisoxygen content and the heat treatment, the mill-annealed tance. It is possible that this enhanced fretting resistance and STOA microstructures studied in this work exhibit a may be related to the higher yield strength and hardness fracture toughness of 65 MPa! m. [23] As the critical crack observed in the martensitic microstructure (Figure 12 ). length, b c , that corresponds to this K IC is between 7 and 22
The effect of the different microstructures on the crack mm, which is much greater than the sample size (5 mm), growth rates in regions II and III needs to be assessed the sample failure was attributed to mechanical overload. and further work is planned.
F. Effect of Contact Conditions and MicrostructureOverall Analysis V. CONCLUSIONS
The observed trends in the variation of the fretting fatigue From a systematic experimental study of the fretting lives for the different sets of controlled experiments could fatigue response of the titanium alloy Ti-6Al-4V, the followbe examined within the framework presented in Sections ing conclusions are drawn. IV-A through D (Table V) .
1. In the experiments where the contact loads were maintained constant while the bulk stress was varied, fretting (1) An increase in the bulk load (while keeping all other parameters constant) effectively reduces the critical slant reduced the fatigue strength of Ti-6Al-4V. Because the slant crack propagation rates in region II are directly and crack length, l c , and thus reduces the life spent in region II. Additionaly, the life in stage III is reduced as well, strongly correlated to the tangential load, the strength reduction factor was higher for those experiments with resulting in a decrease in the total fretting fatigue life. (2) An increase in the tangential load, Q, increases the effeca constant but higher tangential load compared to those with a constant but lower tangential load. tive cyclic mode I stress intensity factor, Dk 1 , ahead of the slant crack and thus reduces the life spent in region 2. For cases where the bulk stress and the normal loads were maintained constant, the total life to failure of the II. Assuming the life in region III to remain unchanged with changes in Q (to a first order), this analysis predicts fretted materials was reduced as the tangential load increased. This is consistent with the expectation that the total fretting fatigue life to decrease with an increase in Q.
higher tangential loads promote faster fretting fatigue crack growth in region II. (3) An increase in the normal load, N, increases the maximum contact pressure, p max . Consequently, Dk 1 de-3. In the experiments where the bulk stress and the tangential loads were maintained constant, the total life to failure creases as the slant crack tip is effectively shielded. Thus, the life spent in region II increases. Assuming, of the fretted materials increased as the normal load increased. This was due to the fact that higher normal the life in region III to be invariant with changes in N, the total fretting fatigue life is expected to increase with loads tend to reduce the slant crack propagation rate in region II. an increase in N. (4) An increase in the fretting pad radius, R, decreases the 4. In general, the increase in pad radius tended to increase the total fretting fatigue life. This effect can be attributed to an increase in the crack initiation life (region I). 5. Limited results for the martensitic structure, which had a higher yield stress and hardness compared to the other Ti-6Al-4V microstructures, suggest an enhanced fretting fatigue resistance. However, a more comprehensive study is required to fully assess the fretting response of the martensitic structure. 6. Using the measured maximum static friction coefficient of 0.95 for Ti-6Al-4V, the experimentally observed contact and stick-zone radii exhibited good agreement with analytical predictions. 7. The adhesion model predictions concerning strength of adhesion (i.e., weak adhesion) and conditions for crack 
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APPENDIX A
Given the important role that friction plays in the fretting fatigue problem, the following experiment was designed to evaluate the average friction coefficient.
At a constant normal contact load (of 10 or 14 or 15 N), conditions of stick slip were first established at a tangential load of 1.0 N, by suitable choice of the bulk stress, at a test frequency, initially at 1 Hz and finally at 10 Hz. The tangential load was then increased (by increasing the bulk stress) until full sliding occurred. The transition from stick slip to full sliding was recognized by following the change in the slip (i.e, the test frequency) across the contacting interfaces. Hence, in order to be consistent with the fretting experiments After a few thousand cycles of full sliding behavior, conditions of stick slip were re-established, possibly due to an (Table III) , where the frequency was 10 Hz, the friction measurements were conducted at a test frequency of 10 Hz increase in the friction at the contact interface caused by roughening and oxide debris buildup. By increasing the bulk as well. stress, full sliding could be established, albeit at tangential loads greater than that corresponding to the first breakaway APPENDIX B point ( Figure A1 ).
For specimens with well-developed fretting scars, the During one-half of the fatigue cycle, when the sample is fully loaded in tension, the maximum tensile stress created measured breakaway and dynamic friction coefficients, 0.95 and 0.70, respectively,which were independentof the normal by the tangential loading occurs at location A in the sample. Upon load reversal, the maximum tensile stress due to the contact loads, were slightly larger than those reported in the literature (m b 5 0.85, [24] m d 5 0.70, [24] or 0.60 [23] ). tangential load occurs at location B. However, since the sample is under compression, the effective tensile stress at The upper limit on the maximum static friction coefficient can be estimated by setting max (G d as the trailing edge of the contact ( Figure B1 ). through an inspection of two different sections of the speci-
